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Abstract

Central nervous system (CNS) dysfunction caused by neurovirulent influenza viruses is a
dreaded complication of infection, and may play a role in some neurodegenerative condi-
tions, such as Parkinson-like diseases and encephalitis lethargica. Although CNS infection
by highly pathogenic H5N1 virus has been demonstrated, it is unknown whether H5SN1
infects neural progenitor cells, nor whether such infection plays a role in the neuroinflamma-
tion and neurodegeneration. To pursue this question, we infected human neural progenitor
cells (hNPCs) differentiated from human embryonic stem cells in vitro with H5N1 virus, and
studied the resulting cytopathology, cytokine expression, and genes involved in the differen-
tiation. Human embryonic stem cells (BG01) were maintained and differentiated into the
neural progenitors, and then infected by H5N1 virus (A/Chicken/Thailand/CUK2/04) at a
multiplicity of infection of 1. At 6, 24, 48, and 72 hours post-infection (hpi), cytopathic effects
were observed. Then cells were characterized by immunofluorescence and electron
microscopy, supernatants quantified for virus titers, and sampled cells studied for candidate
genes.The hNPCs were susceptible to H5N1 virus infection as determined by morphologi-
cal observation and immunofluorescence. The infection was characterized by a significant
up-regulation of TNF-a gene expression, while expressions of IFN-a2, IFN-B1, IFN-y and
IL-6 remained unchanged compared to mock-infected controls. Moreover, H5N1 infection
did not appear to alter expression of neuronal and astrocytic markers of hANPCs, such as f3-
[ tubulin and GFAP, respectively. The results indicate that hNPCs support H5SN1 virus
infection and may play a role in the neuroinflammation during acute viral encephalitis.
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Introduction

Influenza caused by highly-pathogenic avian H5N1 virus has been one of the most important
zoonotic viral infections of humans during the last decade [1-3], with human fatality rates
more than 50 percent in some areas of 15 affected countries [4], where outbreaks continue.
Influenza viruses belong to the family Orthomyxoviridae, of which the H5N1 type has a broad
range of hosts [1,5]. Although H5N1 naturally infects poultry and wild birds, transmission
occurs to mammalian species, including humans [6-9]. H5N1-infected humans often develop
severe clinical respiratory and gastrointestinal symptoms and signs; in some cases, symptoms
of the central nervous system (CNS) ensue [10-13]. Infection of the CNS by H5N1 may be
severe, causing encephalopathy and other serious neurological complications and sequelae
[14-16]. Recent reports found that mice experimentally infected with H5N1 virus developed
encephalitic lesions during the acute phase, which was associated with a degree of neuronal
degeneration and necrosis. Interestingly, CNS inflammation has not generally been observed
in the chronic phase of infection, despite the detection of virus in such lesions [17]. Further-
more, Jang et al. (2009) reported protein aggregation mediated by the influenza virus within
degenerated and necrotic neurons. These findings suggest the hypothesis that pathogenic influ-
enza virus might induce a “hit and run mechanism”, in which virus infection triggers a cytokine
storm resulting in acute CNS inflammation, with consequent chronic Parkinson-like disease,
encephalitis lethargica, or other neurodegenerative diseases. Nevertheless, the exact pathologic
mechanism(s) of H5N1-induced encephalopathy remains unclear.

Neurogenesis in the adult CNS is regulated by the neural stem/progenitor cells residing in
the subventricular zone (SVZ) of the lateral ventricles, and subgranular zone (SGZ) of the hip-
pocampus [18,19]. This neurogenesis was shown to be de-regulated by infection with neuro-
virulent viruses causing Borna disease and Varicella-zoster [20,21]. Thus, it would be essential
to determine whether infection by H5N1 virus occurs in neural progenitor cells, and if so,
whether such infection plays a role in the pathogenesis of H5N1-induced encephalopathy. In
order to shed light on these questions relevant to the pathogeneses of influenza virus-induced
neuropathology, we infected human neural progenitor cells (hNPCs) with H5N1 avian influ-
enza virus and examined the resulting virus-cell interactions, the induction of cellular media-
tors, and the phenotypic characterizations of hNPCs following H5N1 virus infection in vitro.

Materials and Methods
Differentiation of human embryonic stem cells

The human embryonic stem cell (hESC) line BG01 (WiCell Research Institute, Madison, W1,
USA) was cultured and maintained as previously described [22]. Briefly, BGO1 cells were plated
on Mitomycin C (Sigma Aldrich, St. Louis, MO, USA)-inactivated human foreskin fibroblasts
(HFFs; CRL 2429; American Type Culture Collection, Manassas, VA, USA) in a culture
medium consisting of knockout Dulbecco’s modified Eagle’s medium (KO-DMEM) supple-
mented with 20% knockout serum replacement, 1% Glutamax, 1% non-essential amino acids,
0.1 mM 2-mercaptoethanol, 1% penicillin-streptomycin, and 8 ng/mL basic fibroblast growth
factor (bFGF; all purchased from Invitrogen, Carlsbad, CA, USA). The hESCs were differenti-
ated into hNPCs via embryoid body (EB) formation as described previously [22]. The hNPCs
were cultured on Matrigel-coated dishes in a culture medium consisting of neurobasal
medium, 1% Glutamax, 1% penicillin-streptomycin, 1% N2, 2% B-27, 20 ng/mL bFGF, and 20
ng/mL epidermal growth factor (EGF; all from Invitrogen, Carlsbad, CA, USA), and used for
further studies. Characterization of the hNPCs was done by immunofluorescence and reverse
transcriptase polymerase chain reaction (RT-PCR), as described below.
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Virus propagation and infection

H5N1 avian influenza virus (A/Chicken/Thailand/CUK2/04), isolated from chickens in Thai-
land during the early 2004 outbreak, was propagated in Madin-Darby Canine Kidney (MDCK)
cells, as previously described [23,24]. The hNPCs were infected with either H5N1, or ultraviolet
(UV)-inactivated H5N1 virus at a multiplicity of infection (MOI) of 1. Inactivation of H5N1
virus by UV light was done at a distance of 25 cm for 1 hour as previously described [25], and
its infectivity was verified by the presence of cytopathic effects (CPEs), and immunofluorescene
for influenza A antigen, as described below. Virus propagation and infection were conducted
in Biosafety Laboratory Level 3, at the Center for Emerging and Re-emerging Infectious Dis-
eases of Chulalongkorn University, Bangkok, Thailand. Briefly, after 1 hour of virus absorption
at room temperature (RT), the inoculum was removed, the cultures were washed once with
medium without fetal bovine serum (FBS), and replaced with the complete medium, as men-
tioned above. At 6, 24, 48 and 72 hpi, the cells and supernatants in 24 wells-microtiter plates
were collected, respectively, for RNA isolation and viral growth kinetic study. The virus-
infected cells in 96 wells-microtiter plates were observed and graded for the CPEs under a light
microscope compared to the medium alone infected groups, which served as mock-infected
control. Thereafter, they were fixed and immunostained with specific markers, as described
below. The data were obtained from the experiments performed in triplicate.

Viral growth kinetic study

Quantization of viral growth kinetics was done in MDCK cells, as previously described [26]. In
brief, supernatants from the H5N1-infected, or UV-inactivated H5N1- infected hNPCs at dif-
ferent time points (6, 24, 48 and 72 hours-post infection; hpi) were titrated, and inoculated
onto a monolayer of MDCK cells. After 1 hour of virus infection, unbound viruses were dis-
carded and the cells were maintained with a defined medium under standard culture condi-
tions (5% CO,, 37°C). The CPEs were observed at day 3-post infection under an inverted
microscope (Olympus IX-70, Olympus Corporation, Tokyo, Japan). The viral titers were
reported as 50% tissue culture infectious dose (TCIDs,)/mL of culture supernatants.

Transmission electron microscopy (TEM)

To study the cytopathology of H5N1-infected hNPCs, cells in 6-well microtiter plate were
infected by a 1 MOI of H5N1 virus. At 24 hpi, cells were fixed in 2.5% glutaraldehyde for 48
hours, washed three times with phosphate buffer saline (PBS), and post fixed in 2% osmium
tetroxide for 1 hour at RT. After being serially dehydrated in ethanol, the cells were incubated
in propylene oxide and embedded in resin (EM-bed 812, Electron Microscope, Washington,
USA). Semi-thin sections were cut and stained with toluidine blue for light microscope exami-
nation. Thereafter, ultra-thin sections were cut, mounted on copper grid, and electron con-
trasted with uranil acetate and lead citrate. The grids were examined and photos were taken
under a JEM-2200FS transmission electron microscope (JEOL ltd., Tokyo, Japan).

Immunofluorescence

Immunostaining of hNPCs prior to and following H5N1 virus infection were done in 96 wells-
microtiter plates, as previously described [25]. Briefly, the cultures were fixed with 4% parafor-
maldehyde for 15 min at RT, and treated with 0.25% Triton X-100 in PBS (0.25% PBST) for 15
min. Then, the cells were incubated with 1% bovine serum albumin (BSA) in PBST for 30 min
at RT, followed by incubation with specific primary antibodies diluted with 1% BSA in 0.25%
PBST at 4°C, overnight. The primary antibodies used to characterize the hNPCs with or
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without virus infections were mouse monoclonal anti-Nestin (1:200; GeneTex, Irvine, CA,
USA), mouse monoclonal anti-Sox1 (1:200; Millipore Corporation, Billerica, MA, USA),
mouse monoclonal anti-glial fibrillary acidic protein (GFAP; 1:100; Millipore Corporation, Bil-
lerica, MA, USA), mouse monoclonal anti- III tubulin (1:100; Millipore Corporation, Billerica,
MA, USA), mouse monoclonal anti-nucleoprotein of influenza A virus (1:400; clone HB-65,
American Type Culture Collection, VA, USA), and rabbit polyclonal anti-Pax6 (1:200; R&D
Systems, Minneapolis, MN, USA). The secondary antibodies were incubated for 45 min at RT
with one of the following antibodies: Cy3-conjugated goat anti-mouse, FITC-conjugated goat
anti-mouse and FITC-conjugated goat anti-rabbit antibodies (all from Jackson ImmunoRe-
search, Suffolk, UK), at a dilution of 1:200. The nuclei were counterstained using bisbenzimide
(0.01% in ethanol, Sigma Aldrich, St. Louis, MO, USA) for 10 min at RT. The cultures were
analyzed under an inverted fluorescent microscope. Average cell number per high power field
was analysed, and the percentage of cells positive for specific markers was determined, as previ-
ously described [25].

RT-PCR and quantitative RT-PCR

The total RNA of H5N1-infected and mock-infected hNPCs was extracted and determined
using Nucleospin RNA II (Machery-Nagel GmbH, Dauren, Germany), as suggested by the
manufacturer. The cDNA was synthesized from 500 ng total RNA with poly (dT) primers and
high capacity cDNA reverse transcriptase kits (Applied Biosystems, CA, USA). The oligonucle-
otide primers genes used in this study were listed in Table 1. For Pax6 and Sox1 genes, conven-
tional PCR was performed at the conditions as follows: 95°C for 2 min, 35 cycles of 95°C for 30
sec, 55°C for 30 sec, 72°C for 1 min, and final extension at 72°C for 2 min. The PCR products
were analyzed by the electrophoresis, and specific bands were observed under the UV
illuminator.

To quantify the expression of cytokines, and specific genes for NPC differentiation, real
time PCR (SYBR green selected master mix, Life Technologies, CA, USA) was performed on
the ABI7300 thermo cycler (Applied Biosystems, CA, USA) in a total reaction volume of 20 pL.
The PCR conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, 60°C for 30
sec, and 72°C for 30 sec. The threshold cycles (Ct) of all genes were used for the calculation of
gene expression by the 2"**“" method [27] normalized to that of GAPDH gene at the corre-
sponding time points compared to mock-infected groups. The data were obtained from tripli-
cate wells from at least two independent experiments, and shown as mean fold
changes + standard errors.

Statistical analysis

The statistical analyses were accomplished using GraphPad Prism 5 (GraphPad Inc., La Jolla,
CA, USA). Either t-test or one-way analysis of variance (ANOVA) of mean and median, fol-
lowed by Tukey’s post hoc test, was performed according to the data types. Statistical signifi-
cance was designated as p < 0.05.

Results
Differentiation of human embryonic stem cells

Upon virus infection on day 7, the hNPCs (differentiated from hESCs) displayed morphology
of spindle, bi- to multi-branch processes (Fig 1A). The mRNA expressions of Nestin, Pax6 and
Sox1 genes indicated their neural progenitor phenotypes (Fig 1B). Immunophenotypic charac-
terization of the hNPCs revealed that more than 85% of the cells expressed characteristic
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Table 1. Summary of primers used for RT-PCR and quantitative RT-PCR.

Genes Sequence (5’-3’) Position Acc. no.

Sox1 Forward CAATGCGGGGAGGAGAAGTC 1914-2361 NM_005986.2
Reverse CTCCTCTGGACCAAACTGTG

Pax6 Forward CAGCTCGGTGGTGTCTTTG 18-254 XM_005252958.2
Reverse AGTCGCTACTCTCGGTTTA

IFN-a2 Forward ACCTTTGCTTTACTGGTGGCC 78-179 NM_000605.3
Reverse ATCTGTGCCAGGAGCATCAAG

IFN-B1 Forward TCCTGTGGCAATTGAATGG 197-325 NM_002176.2
Reverse AATAGCGAAGATGTTCTGGAG

IFN-y Forward TCCCATGGGTTGTGTGTTTA 912-1109 NM_000619.2
Reverse AAGCACCAGGCATGAAATCT

TNF-a Forward AGCCCATGTTGTAGCAAACC 442-572 NM_000594.3
Reverse TGAGGTACAGGCCCTCTGAT

IL-6 Forward GAACTCCTTCTCCACAAGCG 119-238 NM_000600.3
Reverse GCGGCTACATCTTTGGAATC

GFAP Forward CCCACTCTGCTTTGACTGAGC 2828-2942 NM_002055.4
Reverse CCTTCTTCGGCCTTAGAGGG

Nestin Forward AAGAGAACCTGGGAAAGGGAGAGT 2892-3025 NM_006617.1
Reverse TTCCTGAGCCAGTTCTTGGTCCTT

B-11I tubulin Forward CAACAGCACGGCCATCCAGG 1230-1413 NM_006086.3
Reverse CTTGGGGCCCTGGGCCTCCGA

GAPDH Forward GTCAAGGCTGAGAACGGGAA 366-504 NM_002046.5
Reverse AAATGAGCCCCAGCCTTCTC

Acc.no.: GeneBank accession number, Sox1: Sex determining region Y-box 1, Pax6: Paired box protein Pax-6, TNF: tumor necrosis factors, IFN:
interferon, IL: interleukin, GFAP: glial fibrillary acidic protein, GAPDH: glyceraldehyde 3-phosphate dehydrogenase

doi:10.1371/journal.pone.0135850.t001

markers specific for neural progenitor phenotypes, including Nestin (Fig 1C-1E), Pax6
(Fig 1F-1H) and Sox1 (Fig 11-1K).

Cytopathology of hNPCs upon H5N1 infection

Infection of hANPCs with H5N1 virus displayed pronounced CPEs characterized by rounding
up of cells, single cell necrosis, and detachment of the degenerated cells from the well surface
(Fig 2A). The CPE:s of infected cultures were up to 50% at 48 hpi, and 70% at 72 hpi (data not
shown). Transmission-electron micrography of H5N1-infected hNPCs revealed shrinkage
with condensation of the nuclear chromatin, and increased vacuolation in the cytoplasm

(Fig 2B). Moreover, disruption of the cell and nuclear membranes was noticed. The detach-
ment of H5N1-infected hNPCs was indicated by an observed significant decrease of average
cell number per field at 24-72 hpi compared to the UV-inactivated H5N1-infected cells or
mock-infected controls (Fig 2C).

hNPCs support H5N1 virus infection

Virus antigens were distributed within the cytoplasm and the nucleus of the infected hNPCs
(Fig 3A-3C), with a peak percentage of virus-positive cells of about 75% at 24 hpi, then declin-
ing to about 30% at 72 hpi (Fig 3D). Quantification of progeny virus in the TCIDs, assay of
supernatants after viral growth revealed that hNPCs support H5N1 virus infection, as defined
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Fig 1. The immunostaining and mRNA expression of specific genes of ANPCs after 7 days invitro. Human NPCs displayed a bi- to multipolar
morphology (A). The mRNA expression of ANPCs by RT-PCR (B) revealed strong positivity for Nestin (lane 2) and Pax6 (lane 3), slight positivity for Sox1
(lane 4) genes, compared to that of GAPDH gene (Lane 1). Characterization of the cells with antibodies against Nestin, Pax6, and Sox1 revealed more than
85% were immunostaining positive for the Nestin (C-E), Pax6 (F-H) and Sox1 (I-K) antibodies. Scale bar ~ 100 pm.

doi:10.1371/journal.pone.0135850.g001

by an increase in viral titer of 10> TCIDso/mL at 6 hpi to 10” TCIDso/mL at 48 hpi, before
declining to about 10* TCIDso/mL at 72 hpi (Fig 4).

Cytokine gene expression of hNPCs following H5N1 infection

The mRNA level expressions of antiviral cytokines, such as IFN-02, IFN-B1, IFN-vy, and pro-
inflammatory cytokine IL-6 were observed to be not significantly different in fold change com-
pared to mock-infected controls (Fig 5). However, the mRNA expression of TNF-o. underwent
significant up-regulation at 48 hpi compared to that of the mock-infected groups (Fig 5). It
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3 H5N1
B3 UV-inactivated H5N1

B3 Mock

*

0
6 hpi. 24 hpi. 4

8 hpi. 72 hpi.

Average numer of cells per field

Fig 2. The cytopathic effects (CPEs), electron micrographs, and average cell number of hNPCs following H5N1 virus infection. At 24 hpi, 48 hpi, and
72 hpi, H5N1-infected hNPCs revealed the pronounced CPEs, such as cell rounding up, vacuolation, short processes of the cells, and cell detachment, while
no CPEs were observed in the mock-infected control cells (A). Transmission electron micrographs (B) showed the changes in hNPC induced by H5N1 virus
by shrinkage and condensation of the nucleus and chromatin, disruption of the cytoplasmic membrane and increased in cellular vacuolation (N = nucleus;

V = vacuolation; M: mitochondria). The detachment of H5N1-infected hNPCs was observed by the significant decreased of average cell number per field at
24-72 hpi compared to the UV-inactivated H5N1- and mock-infected controls (C). Scale barin A ~100 pm, scale barin B ~ 1um.

doi:10.1371/journal.pone.0135850.g002

should be noted that at this time point, the virus titer in the supernatant was observed to reach
the maximum titer during the viral growth kinetic study (Fig 4). These results suggested that
H5N1 virus may have some mechanism to interfere with the acute IFN-mediated antiviral
responses in infected cells, as suggested by a previous report [28].
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48 72
Hour post infection (hpi.)

Fig 3. Inmunostaining characterization and percentage of H5N1-positive cells of hNPCs following virus infection. Virus antigens were distributed
within the cytoplasm and the nucleus of the infected cells (A-C), with peak percentage of virus-positive cells about 75% at 24 hpi, then declined to about 30%
at 72 hpi (D). Scale bar in A-C =~ 30 um. Data represented are the mean + standard error. Asterisks indicated statistically significant differences (p-

value<0.05).

doi:10.1371/journal.pone.0135850.g003

Phenotypic characterizations of hANPCs upon H5N1 infection

The mRNA level expressions determined by quantitative RT-PCR indicated that H5N1 virus
infection significantly down-regulated the expression of Nestin, a specific marker for neural
progenitors as early as 6 hpi (Fig 6A). However, the mRNA expressions of GFAP and B-II1
tubulin, cellular markers used to characterize astrocytic and neuronal development, respec-
tively, were only slightly, but not statistically significantly increased (Fig 6A).

Immunophenotypic characterization of hNPCs at 72 hpi with H5N1 virus, UV-inactivated
H5N1 virus and mock-infected control suggested that most of the cells were expressed Nestin,
while they were negative for GFAP and B-III tubulin (Fig 6B). It should be noted that despite
the marked decreased of cell numbers at 72 hpi in H5N1-infected groups, the percentages of
Nestin-, GFAP-, and B-III tubulin-positive cells remained unchanged compared to that of UV-
inactivated and mock-infected groups (Fig 6C), suggesting that either H5N1, or UV-inacti-
vated H5N1 virus infection did not alter the phenotypes of the remaining living hNPCs.
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Fig 4. The virus kinetic study from the supernatants of HSN1-infected hNPCs at different time points
post infection. The hNPCs supported H5N1 virus infection as determined by a statistical significant increase
of virus titers from 102 TCIDso/mL at 6 hpi, which reached a maximum titer of 107 TCIDso/mL at 48 hpi. It
subsequently declined to about 10* TCIDso/mL at 72 hpi. Results were obtained from three separate
experiments. Data represented are the mean + standard error. Asterisks indicated statistically significant
differences (p-value<0.05). Dotted line represents detection limit of the assay.

doi:10.1371/journal.pone.0135850.g004
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Fig 5. The expression of the mRNA levels of IFN-a2, IFN-B1, IFN-y, TNF-a, and IL-6 in the hNPCs following infection with and without H5N1 virus by
quantitative RT-PCR. The mRNA expressions of IFN-a2, IFN-B1, IFN-y, and IL-6 were not significantly difference, while the mRNA level expression of TNF-
a was observed to be significantly up-regulated at 48 hpi, compared to that of the control groups. Data are expressed as mean fold changes with standard
error compared to untreated controls after normalization with GAPDH mRNA expressions. Asterisks indicated statistically significant differences (p-
value<0.05).

doi:10.1371/journal.pone.0135850.9005
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Fig 6. The differentiated phenotypic characterization of the hNPCs following infection with the H5N1, UV-inactivated H5N1, and mock-infected
control. At 6-72 hpi, the expression of Nestin mRNA level was observed to be significantly down-regulated following virus infection, while the mRNA level
expressions of B-11l tubulin and GFAP were not found to show a significant difference compared to the mock infected control (A). Immunostaining of hNPCs at
72 hpi with antibodies against Nestin, GFAP and -1l tubulin in the H5N1-infected, UV-inactivated H5N1-infected, and mock-infected groups indicated that
more than 80% of the cells were expressed Nestin, while stained negative for GFAP and -1l tubulin (B, C). Scale bar in B~100 ym. Data are expressed as
mean fold changes with standard error relative to mock-infected groups. Asterisks indicated statistically significant differences (p-value<0.05).

doi:10.1371/journal.pone.0135850.9006

PLOS ONE | DOI:10.1371/journal.pone.0135850 August 14,2015 10/14



@’PLOS ‘ ONE

H5N1 Virus and hNPCs

Discussion

Human neurodegenerative diseases, such as multiple sclerosis, encephalitis lethargica, Parkin-
son’s and Alzheimer’s diseases, have long been known for their significant pathological features
of neuronal loss and damage in the CNS [29-31]. This is despite the fact that damaged neurons
can be repaired by activation and differentiation of endogenous neural stem/progenitor cells
residing in the SVZ of the lateral ventricles and the SGZ of the hippocampus [18,19]. These
neural stem/progenitor cells can be classified in vitro or in vivo by stage-specific markers, such
as NG2, Nestin, Pax6 and Sox1 [22,32]. The potential of these neural stem/progenitor cells to
migrating to areas of damaged brain and differentiate into adult neurons has been hypothe-
sized to be regulated by endogenous and exogenous factors within the environment of the
lesions [32]. In patients with the above-mentioned neurodegenerative diseases, however, differ-
entiation of these progenitor cells into mature neurons is usually limited, even though
NG2-positive neural progenitor cells have been observed in or around the lesions [33-35]. The
exact pathomechanisms underlying these neuronal losses and poor differentiation of neural
progenitors remain unknown and subject to controversial discussion [31,36]. It has been pos-
tulated that inflammatory mediators secreted by other CNS tissues, such as microglia, astro-
cytes, and even the neural progenitor cells themselves may also play roles in this limited
regeneration [37-39].

The present study demonstrated that hNPCs support H5N1 influenza virus replication in
vitro. Although infections with the avian H5N1 virus of stem/progenitor cells from blood and
bone marrow [40,41], or human neuronal and astrocytic cell lines [26], have been reported, the
present study appears the first to describe the interaction of H5N1 virus with human NPCs.
Infection of the H5N1 virus in human brain cells has been shown previously to bring about up-
regulation of mRNA levels of pro- and anti-inflammatory cytokines [26]. In addition, infection
of monocyte-derived human macrophages by influenza A viruses induced a significant up-reg-
ulation of pro- and anti-inflammatory cytokines, including TNF-a, IFN-o. and IFN-f [42]. It is
known that interferon response has some potent antiviral effects during H5N1 virus infection
[43,44]. The impairment of interferon production caused by H5N1 infection of the hNPCs in
the present study suggests an underlying role of H5N1 virus in acute neuroinflammation and
neurodegeneration. Similarly to the previous findings, we observed that infection of hNPCs by
H5N1 virus resulted in marked up-regulation of TNF-o. mRNA expression [26]. Activation of
TNEF-a has been postulated to induce apoptosis and cell death of H5N1 infected cells [26].
Moreover, TNF-o seems to play a detrimental role in neural survival and differentiation [45].
Upregulation of TNF-o by microglial cells could contribute to necrosis of hippocampal pro-
genitor cells [46]. Furthermore, up-regulation of TNF-o. is important for disruption of the
blood brain barrier (BBB) [47,48]. Such disruption results in leakage and accumulation of
blood vessel fluid in the brain and spinal cord parenchyma, leading to CNS edema.

Infection of the neural progenitor cells by neurovirulent viruses such as Borna disease virus
(BDV) has been shown in vitro to impair cellular development of progenitor cells [20]. A previ-
ous study also demonstrated that BDV infection decreases cell numbers during neural differen-
tiation [20]. In the present study, cell death was observed predominantly in H5N1-infected
groups, whereas the phenotype of the remaining hNPCs following H5N1 virus infection
remained unaltered. These results could be explained by the facts that the differentiation proto-
col was not introduced in the present study. Moreover, the differentiation stage of these cells
before cell death is unknown. Although we believe that the decrease in cell numbers were not
due to experimental artifact, since the same number of cells were seeded into both infected-
and mock-infected groups prior to virus infection. Though it is not known whether such an
infection could induce differentiation of the hANPCs and, at the same time, triggers cell death of
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these differentiating cells. Still, it remains to be determined whether susceptible infection of
H5N1 virus depends on the differentiation stages of hNPCs, or the differentiation capacity of
hNPCs is triggered by H5N1 virus. Previous studies have shown that viruses can induce cellular
dedifferentiation by either direct lytic effect or cellular dysregulation following exposure to
pro- and inflammatory cytokines [20,21,39,49]. Taken together, the present study showed that
hNPCs support H5N1 virus infection in vitro. Infection resulted in significant cell losses and
up-regulation of TNF-o. pro-inflammatory cytokine. Moreover, phenotypic characterization of
hNPCs was unaltered following H5N1 virus infection. Although our data did not demonstrate
the dysregulation of hNPC development during acute H5N1 virus infection, it remains to be
determined whether H5N1 virus or other low pathogenic strains of influenza viruses can dereg-
ulate neurogenesis or astrogliogenesis during the acute and chronic phase of infection. The
results of the present study further support the role of at least one type of influenza virus in
inducing encephalopathy.
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